This current article investigates at room temperature the coag -flocculation behavior of Afzelia bella seed biomass in pH varying brewery effluent (BRE) with respect to kinetics and efficiency. The study employed standard bench scale jar test while Afzelia bella coag-flocculant (ABC) production was based on procedure reported by Ghebremichael. Kinetics data generated were confronted with specified models for the evaluation of functional parameters such as reaction order, rate constant, period etc. The major kinetic results recorded are 2, 8.0 x 10 -5 l/mg.min, and 2.4921 minutes for reaction order, rate constant and period, respectively. Maximum 96.1348% efficiency was recorded at pH 4, 100 mg/l and 30 minutes. The results establish at pilot scale and conditions of the experiment the effectiveness of ABC in the treatment of brewery waste water.
Introduction
The desire to conserve and protect the aqua system is a global one. This becomes imperative following the limited availability of usable water to a significant number of human population. The drive to tackle this challenge is faced with major problem of inadequate water treatment system at primary level. The consequence is the inability to remove to a tolerable level, the turbidity load from such raw water in order to produce usable water that is pure enough for its intended use (Ani et al., 2011) . Among the raw water is brewery effluent (BRE) obtained from exit effluent of a brewery.
(flocculation) that settle out of the water (Menkiti & Onukwuli, 2011a; Menkiti & Onukwuli, 2011b; Menkiti & Onukwuli, 2011c; Oladoja & Aliu, 2009) . Inorganic substances such as alum and polyaluminium chloride (PACl) have had established application in the removal of effluent SDP because they are easy to handle and widely available. However, its applications have raised environmental and public health concerns. It is known that alzheimer's disease is associated with significant intake of alum (Chatterjee et al., 2009; Driscoll & Letterman, 1995; Mclachan, 1995) . The harmful effects of these conventional coagulants are the motivation for the search and the use of natural products such as Afzelia bella coag-flocculant as alternative (Menkiti et al., 2010; Menkiti et al., 2008; Menkiti et al., 2009 ).
Afzelia bella is a leguminous plant, rich in protein, fat, and starch. It is native to tropical climate such as Eastern Nigeria. Afzelia bella is an edible, non-toxic and biodegradable substance. Previous results had indicated the effective application of Afzelia bella as coag-flocculant in coal washery effluent treatment (Menkiti, 2010; Menkiti & Onukwuli, 2011c) .
In this present study, the coag-flocculation kinetics response to pH variation with respect to BRE treatment is investigated. The efficiency of the treatment process as a function of time, pH, and dosage was also studied. The situations in Nigeria are typical of water system in developing countries and results of this study can be extended to a number of similar situations for the upliftment of our environment.
Theory

Coag-flocculation kinetic
For a coag-flocculating phase, the rate of successful collision between particles of sizes i and j to form particle of size k is (Thomas et al., 1999; Swift & Friedlander, 1964; Jin, 2005; Hunter, 1993) :
Where β BR(i,j) is Brownian aggregation factor for flocculation transport mechanism, n i n j is particle aggregation concentration for particles of size i and j, respectively. It has been established that (Jin, 2005; Hunter,1993; Fridkhsberg, 1984) :
Where K R is the Von Smoluchowski rate constant for rapid coagulation. K B , T and η are Boltzmann constant, temperature and viscosity, respectively. ε p is collision efficiency factor, D´ is the diffusion coefficient and a is particle radius.
Equations 2 and 3 can be transformed to
Where K m is defined as Menkonu coag-flocculation rate constant accounting for Brownian coag-flocculation transport of destabilized particles at α th order. It can also be shown that coag-flocculation is governed by (Smoluchowski, 1917; Van Zanten & Elimelech, 1992; Menkiti & Onukwuli, 2010; Menkiti & Onukwuli, 2011a) :
N t is the concentration of SDP at time, t.
Empirical evidence shows that in real practice, 1 < α < 2 (WST, 2005; Menkiti et al., 2008; Menkiti et al., 2009; Menkiti, 2010; Menkiti et al., 2010) . Graphical representation of linear form of equation (7) at α = 2 provides for K m from the slope of linear equation8 below: Efficiency of coag-flocculation is expressed as:
Materials and methods
Materials collection, preparation and characterization
Brewery effluent (BRE)
The effluent was taken from a major brewery located in Enugu, Enugu State, Nigeria. The characterization of the effluent presented in table 1 were determined based on standard method (Clesceri et al., 1999) .
Afzelia bella seed sample
Afzelia bella seed samples (precursor to ABC) were sourced from Nsugbe, Anambra State, Nigeria. ABC was prepared according to procedure reported by Ghebremichael (2004) . The characteristics of the sample on the bases of AOAC (1993) standard method are presented in table 2.
Coag-flocculation Experiments
Experiments were conducted using conventional jar test apparatus. Appropriate dosage of ABC in the range 100 -500 mg/l was added directly to 200 ml of BRE. The suspension, tuned to pH range 2 -10 by application of H 2 SO 4 /NaOH was subjected to 2 minutes of rapid mixing (250 rpm), 20 minutes of slow mixing (20 rpm) and followed by 30 minutes of settling. During settling, samples were withdrawn from 2cm depth and changes in SDP (in mg/l) measured for kinetic analysis. The aggregation kinetics readings at room temperature were monitored and collected at 3, 5, 10, 15, 20, 25 and 30 minutes. The data were subsequently fitted in appropriate kinetic models.
Results and discussion
Process Kinetic Parameters
Kinetic parameters associated with coag-flocculation process are important functional quantities that determine the physical and theoretical behavior of the system. The parameters have direct bearing on the design, fabrication and practical implementation of the process. Such important parameters are presented in tables 3-7 for the removal of SDP from BRE by 100, 200, 300, 400, 500 mg/l ABC. The experiments were carried out at BRE pH of 2, 4, 6, 8, 10.
Linear regression coefficient (R 2 ) was employed in evaluation of the level of accuracy of fit of the experimental data on the principal model expressed as equation 8. Tables 3-7 indicate that data (with majority of R 2 > 0.9) were significantly described by the linearised form of equation 7 expressed as equation 8.
Reaction rate constant, denoted as K m , is determined from slope of equation 8. From equation 7, it can be deduced that the rate of reaction is directly proportional to the magnitude of K m . Hence, higher K m translates to higher rate of coag-flocculation. K m is evaluated by fitting the experimental data on the plot of (1/N) or (1/SDP) against time as can be deduced from equation 8. Representative results for the various dosages and pH as displayed in tables 3-7 are graphically depicted in figure 1. It should be noted that the graphical trends (not shown) for the various dosages and pH are identical. K m = (0.5 β BR ) expressed as equation 4 is displayed in tables 3-7. The maximum and minimum values of K m are 8.0x10
-5 (pH 4 and 100 mg/l) and 5.0 x 10 -7 l/mg.min (pH 10 and 100, 300, 400 mg/l), respectively. Apparently, the best performance was achieved at acidic medium of pH 2. This could be attributed to a higher degree of protonation of amine groups present in the ABC biomass. It is known that protonation by dissociated H 2 SO 4 enhances coag-flocculation rate (Gibbs et al., 2003) . Conversely, performance at alkaline medium (pH 8 -10) is relatively lower. This can be attributed to electrostatic charge imbalance in the coag-flocculating phase due to the inability of alkaline cation to adequately favour delamination of the coag-flocculating phase. The consequence is the prevalence of inaccessible surface (Chatterjee et al., 2009; Assad et al., 2007) .
Two vital quantities affecting coag-flocculation are ε p and K R . K R links the coag-flocculating phase with temperature and viscosity of the fluid. Following monotonic temperature and viscosity ranges, minimal variation in the values of K R was recorded as displayed on tables 3-7. At approximately constant K R , ε p relates directly to 2K m = β BR (equation 4). Thus, high ε p results in high kinetic energy providing particle momentum to ensure the overcoming of opposing electrostatic forces by the aggregating particles. It should be observed that high repulsive forces means high zeta potential, which in this present communication is relatively low and high at pH 2 and pH 10, respectively. It has been reported that τ ½ , ε p and K R are understood to be effectiveness factor, postulated to be accounting for the coag-flocculation efficiency before flocculation commences (Menkiti & Onukwuli, 2011a; Menkiti & Onukwuli, 2011c) . The coag-flocculation period, τ ½ , evaluated from equation 9, is a pointer to speed of the aggregation of the system. Low period indicates fast rate of aggregation. Practically, it is aimed to keep the τ ½ as low as possible. From equation 9, it can be inferred that τ ½ is a function of rate constant and initial SDP concentration, mathematically, expressed as τ ½ = fn (N 0 , K m ). The implication from equation 9, is that, the higher the N 0 , the lesser the τ ½ . This accounts for high settling rate associated with waters of high initial turbidity. Generally, the observed discrepancies among the functional kinetic parameters are due to unattainable assumption that mixing of BRE particles and ABC throughout the dispersion is 100% efficient before aggregation sets in (Menkiti & Onukwuli, 2010; Holthof et al., 1996; Holthof et al., 1997; Yates et al., 2001) . Second account is the interplay between Vander Wall's forces and the hydrodynamic interactions which typically alters the theoretically predicted values by factors of ± 2.
Temporal Evolution of Cluster Size Distribution
The temporal evolution of cluster size distribution graphically depicts particle distribution as a function of time at a microscopic level. By substituting τ ½ from equation 9 into 10, the particle aggregation at microscopic levels can be predicted graphically by the interaction of monomers (m = 1); dimmers (m = 2) and trimmers (m = 3). Representatives' results are shown in figures 2 and 3. The apparent variation in the nature of the curves in response to two different τ ½ of 2.4921 and 398.7491 minutes are demonstrated as cases I and II, respectively.
Case I: This is demonstrated graphically in figure 2. In this case, the monomers and particles can be seen to decrease more. This case demonstrates moderately hyper slope with time. This distribution profile is associated with above moderate rapid destabilization of charged particles. The physical implication of this profile is product of low τ ½ that runs into minutes rather than subminutes. Elsewhere, τ ½ of less than 1.5 seconds had been reported by Hunter (1993) . The τ ½ evaluated for figure 2 is a pointer to the prevalence of middle level zeta potential that results in moderate sweeping away of SDP under gravity from the bulk fluid phase.
Case II: Figure 3 depicts particle distribution with strong inertia against aggregation. This is clearly demonstrated by high value of τ ½ recorded at 398.7491 minutes. The figure represents a case in which the values of triplets and particles sum are close such that their variation with time is insignificant. Similar trend is observed with respect to dimmers and monomers. Figure 2 showcases a wide margin of difference in concentrations of SDP between the pair of (trimmers and particle sum) and (dimmers and monomers). The margin exists as a result of high shear force and resistance to collision. This is an indication of high zeta potential associated with the BRE treatment process.
Temporal % Removal Efficiency For Varying pH and ABC dosages
The process efficiency graphically presented in figures 4-8 are obtained upon evaluation of equation 11. The figures depict the variation of efficiency, E (%) as a function of time and pH for various ABC dosages of 100, 200, 300, 400 and 500 mg/l. It is apparent that the trends for all the cases studied are almost identical but with different percentages of efficiency achieved for a particular pH and dosage. The coag-flocculation efficiency at early time was generally between 60 -70% at pH 2 and 4 for all cases of dosages. However, exceptions were recorded for pH 8 and 10 where E (%) of less than 60% is also recorded. Practically, more than 80% efficiency was achieved at 30 minutes for pH 2 and 4 with respect to all dosages considered. The implication is that > 80% of initial SDP load of 10031.87 mg/l was removed at 30 minutes of treatment. Recall that it had earlier been adduced that satisfactory performance achieved at pH 2 and 4 is because the amine group of ABC was protonated by H + produced from the dissociation of H 2 SO 4 . The best performance was achieved with 100 mg/l ABC, though other dosages recoded satisfactory results at pH 2 and 4. Mechanism of coag-flocculation has been postulated to have effects on the influence of dosage on the aggregation. Effective treatment could be achieved with relatively lower doses of ABC especially when complete charge neutralization is not required and process guided by combine impacts of electrostatic patch and bridging mechanism (Chatterjee et al., 2009 ). Following the performance of 100 mg/l ABC, it is adopted for comparison with conventional alum in figure 9.
Comparative Coag-flocculation Performance Of ABC and Alum
The comparative performance between ABC and alum at the same experimental conditions is presented in figure  9 at 100 mg/l and PH 2, 4, 6, 8, 10. Like previously inferred, at the conditions of the experiment, the highest and least E (%) were achieved at pH 4 and 10, respectively. It should be noted that ABC performed better than alum at only pH 2 and 4 while alum did better at pH 6 -10. The reason for the variation in performance of ABC as pH varied had earlier been explained in this communication. At pH 2 and 4, the E (%) posted are 94.2373 and 96.1348, respectively. The least E (%) of 62.9879 is recorded for pH 10 at 30 minutes of treatment. Similar results (not shown) were obtained for 200, 300, 400, and 500 mg/l ABC dosages. The fact is that ABC at pH 2 and 4 compares favourably with alum, with advantage of being eco-friendly.
Conclusion
The application at a pilot scale of ABC as effective coag-flocculant in the treatment of high organic load BRE has been established, with respect to conditions of the experiment. This presents novelty in this work. The level of SDP removal achieved at 30 minutes follows perikinetics. At the conditions of the experiment, the system operates best at 100 mg/l, pH 4 and 96.1348% efficiency.
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